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Abstract 
This study aimed to assess remote sensing methods using open path laser technology as a tool for atmospheric monitoring of CO2 
storage sites.  CH4 and CO2 open path detection systems were tested at the Penn West Pembina Cardium CO2 enhanced oil 
recovery monitoring pilot. The tested CH4 detection system was found to be very sensitive and small increases in the gas 
concentration due to controlled releases were easily distinguishable. The detection capability of the CO2 detection system was 
impacted by the larger natural background concentration of CO2. Where possible, CH4 should be used as an indicator due to the 
better detection capabilities and smaller background concentration variations compared to CO2.   
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1. Introduction 
Interest in carbon dioxide capture and geological storage (CCS) has been increasing as it is viewed as a key 
technology to address climate change. Issues surrounding geological storage of CO2 include containment of the 
injected greenhouse gases, ensuring environmental benefits and avoiding possible health and safety effects of 
releases. Monitoring of CCS is therefore a key preoccupation. Since CCS is a relatively recent technology, there is a 
significant need to develop and demonstrate different approaches to monitor these types of projects.   
 
A research consortium assembled in Alberta utilized a CO2 Enhanced Oil Recovery (EOR) Pilot as a platform to 
deploy and assess different monitoring technologies. The Pembina Cardium CO2 Monitoring Project included 
different monitoring tasks. The work presented here was part of the environmental monitoring and assessed remote 
sensing using open path laser technology as a potential tool for atmospheric monitoring of CO2 storage sites. This 
paper will summarize the findings of the assessment of this technology. 
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2. Description of the Pembina Cardium CO2 Monitoring Project 
This project stems from collaboration between Penn West Energy Trust and an Alberta-based multidisciplinary 
research team.  More details can be found in Dashtgard et al. [1].  Penn West Energy Trust owns and operates a CO2 
EOR operation, located about 2 hours west of Edmonton, Alberta, Canada.  The injection is in the Pembina field, 
within the Upper Cretaceous Cardium formation at a depth of 1650 m.  There are two injection and six production 
wells on the pilot site.  Injection of CO2 started in the spring of 2005 and averaged between 50 and 100 tonnes/day.   
 
The research consortium was assembled to provide monitoring to study the fate of injected gases and to develop 
and demonstrate different monitoring technologies and approaches. The research group included the Alberta 
Geological Survey of the Alberta Energy Resources Conservation Board, the Alberta Research Council, the 
University of Alberta and the University of Calgary. The monitoring pilot started in 2005 and concluded in 2008.  
3. Experimental Methodology 
3.1. Technology Description 
The main purpose of this work was to evaluate open path laser-based atmospheric monitoring technologies and 
their potential application to CO2 storage sites. These have been successfully used in a number of applications, 
including monitoring CO2 emissions from volcanic sites [2]. Tuneable diode laser open path gas analyzers were 
obtained from Boreal Laser Inc., an Alberta-based company. This type of remote sensing was considered promising 
mainly due to its potential as an economical and efficient method to monitor sites.  
 
The basis of the tuneable diode laser based open path measurement is a laser signal tuned to a wavelength of 
absorption of the gas of interest. The emitted laser signal travels along a path and is returned to the laser/detector 
assembly by a reflector. The returned signal is analyzed to determine the concentration of the species of interest 
along the measurement path. The measurements are calibrated against a test cell. The accuracy of the measurement 
is evaluated by the coefficient of determination (R2) which is a measure of the similarity between the waveform of 
the signal passed through the calibrating sample and the waveform of the measurement. It is stated that R2 above 
0.95 ensures an accuracy of ± 2%. The tuneable laser continuously scans wavelengths to ensure that the optimal 
absorption wavelength is used.  Concentrations are measured approximately every second. 
 
The relative instrument sensitivity for CH4 to CO2 is 80 to 1.The sensitivity is 1 ppm-m for CH4 and 80 ppm-m 
for CO2 (i.e. over a 10m path length measurement, the detection limit is 0.1 ppm for CH4; 8 ppm for CO2). The large 
difference in natural concentrations of CH4 and CO2 will also impact the relative detection capability. 
 
The measurements are path averaged. The system will measure concentration of the gas along the path and 
averages this. Therefore, although longer path lengths ensure that the plume is captured and larger areas are 
monitored, these also result in a loss of resolution. This may lead to difficulties in detecting CO2 plumes along 
longer path lengths since this gas has a large natural background concentration. The range of path lengths being 
targeted by the instruments used are up to 1000 meters and 120 meters for the CH4 and CO2 detection systems 
respectively. The maximum path length is defined to avoid saturation of the instrument. A lower sensitivity CO2 
detection system could accommodate longer path lengths.  
 
Analysis of the equipment detection capabilities was done using dispersion modeling. This evaluated the 
sensitivity of the measurement and the impact of the path averaging. The WindTrax modeling software from 
Thunder Beach Scientific, a commercial software package, was used. This software bases dispersion modeling on a 
Lagrangian Stochastic approach and uses the Monin-Obuhkov Similarity Theory [3]. A simulation was done where 
the path averaged concentration over a measurement path was set as 2% above the background concentration (i.e. a 
path average concentration increase of 0.04 ppm against a background concentration of CH4 of 2 ppm and a path 
averaged concentration increase of 8 ppm against a background concentration of CO2 of 380 ppm). This 2% value 
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was set arbitrarily based on the standard deviation of the measurement which was as high as 1.5% for the CO2 
detection system. This was assessed for different wind stability conditions; defined as Pasquill stability categories in 
the model. The wind was set as perpendicular to the measurement path. The point source was positioned at different 
offset distances in the centre of the measurement path. In all cases, the point source was assumed at a source height 
of 0.1 meter, the path height was 1m and the wind speed was 4 m/s. For one simulation case, the path length was 
varied from 50 to 200 meters to illustrate the impact of path averaging. Table 1 summarizes the results. 
Table 1 Summary of emission rates to increase measured concentration 2% above background based on dispersion modeling of point source 
emission (wind speed is 4 m/s, source height is 0.1 m, measurement path height is 1 m and roughness length is 1 cm) 
 
The lower background concentration of CH4 emissions means that much smaller emission rates were 
distinguishable. Under the conditions modeled here, release rates of the order of at least 350 tonnes of CO2 per year 
and 0.6 tonnes of CH4 per year yielded path averaged concentrations 2 % above background value. However, this is 
modeled based on average measured concentration assuming constant conditions, it does not account for discrete 
variations in wind conditions and is therefore considered conservative.  
3.2. Field Experimental Setup 
The equipment was designed to be portable, allowing monitoring using a land survey-based approach. These 
surveys were conducted annually in February over a period of three years. Conducting the surveys in winter offered 
the advantage of minimizing the natural contribution of CO2 but also meant complications due to snow cover and 
cold weather. Injection started before the atmospheric monitoring was put in place, a true pre-injection baseline 
evaluation could not be done. 
 
Reservoir gas sampling indicated that the initial reservoir gas was composed of approximately 1% CO2 and 80-
90% CH4 before CO2 injection. Once CO2 breakthrough occurred, the reservoir gas was composed mostly of CO2 
with 5-10% CH4. Based on these findings, both CO2 and CH4 emissions were monitored. The same CH4 detection 
system was used throughout the three years of monitoring whereas a prototype of a higher sensitivity CO2 detection 
system was used in the last year. The results presented here were obtained with this higher sensitivity prototype. 
 
Each well site at the CO2-EOR operation consists of a small 150 meters by 150 meters clearing within a forested 
area and is isolated from the others. The surveys consisted in monitoring at a number of these individual well sites. 
The laser/detector assembly was positioned in a strategic location to allow measurement paths to cover as much of 
the site as possible while providing upwind and downwind measurements. The laser/detector assembly was 
positioned on a scanning platform which allowed programming a trajectory where each reflector was sequentially 
targeted for a set period of time. A typical setup is shown in Figure 1. This figure also shows the laser/detector 
assembly on the site as it is aimed towards a reflector behind a well. The measurements were taken at heights of 
approximately 1m to ensure visibility along the uneven surface of the site.  The laser path distance varied from 30 m 
to 150 m. Overall, site implementation of this equipment was straightforward.  However, the extent of monitoring 
was limited by the amount of time required for equipment setup due to the chosen survey-based approach.  
Distance From Source 
to Path [m] 
Pasquill Stability Class Path Length [m] CH4 emission 
rate (g/sec) 
CO2 emission 
rate (g/sec) 
25 C ( Slightly Unstable) 100 0.02 13 
B (Moderately Unstable) 100 0.05 26 
C ( Slightly Unstable) 50 0.02 11 
C ( Slightly Unstable) 100 0.04 23 
C ( Slightly Unstable) 200 0.08 42 
50 
D ( neutral) 100 0.04 19 
100 C ( Slightly Unstable) 100 0.08 43 
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A weather station consisting of a sonic anemometer was deployed during the surveys to provide a continuous 
assessment of wind speed, wind direction and temperature. Wind assessment was essential to interpreting results, 
especially on these sites where very turbulent wind conditions were found.  Power was provided by a generator 
since there was no power access on site. The generator was positioned away from the monitoring site to ensure no 
interference between exhaust and CO2 measurements.   
 
Controlled releases were done to test the detection capability of the equipment. CO2 and CH4 were released at a 
controlled rate from pure gas cylinders. The controlled releases were positioned on the site using tubing. The flow 
rate was measured using a digital flow meter. In some instances, it was found that the digital flow meter was 
operated in conditions outside of the recommended temperature range; this may have contributed to inaccuracies in 
the release rate measurements. 
 
 
 
 
 
 
 
 
 
Figure 1 a) Typical Site Setup, b) Picture of setup 
4. Results from Field Tests 
4.1. Concentration Measurement 
A number of different well sites were monitored over the span of three years using this technology. No detectable 
evidence of increased levels of either CH4 or CO2 attributable to the storage pilot was identified at any of the sites 
using this technology.   
 
The performance of the equipment was assessed. The discrete measurement variation due to signal noise and drift 
was found to be minimal. The standard deviations of background concentration measurements varied from 0 to 0.1 
ppm for CH4 and 3 to 6 ppm for CO2.  Gradual misalignment and changes in measured light levels were caused by 
shifts of the lasers and detectors due to ground softening and snow melting. The system was equipped with a 
software feature to automatically realign the system when it fell out of user specified range. This worked well with 
the CH4 detection system to correct any misalignment and ensure optimal measurements. The response of the 
prototype CO2 system was more influenced by variations in alignment and light levels which added uncertainty to 
this measurement. The manufacturer indicated addressing this in future system development.  For the CH4 detection 
system, the coefficient of determination (R2) was maintained consistently above 95%, indicating +/- 2% accuracy. 
The prototype CO2 system used in this instance was not yet properly set up for relevant R2 assessment. This added 
uncertainty to the measurement in the absence of a measure of signal quality.   
150 m
150 m
Reflectors 
CO2 and CH4 Laser/Detector Assembly 
a) b) 
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Others have reported the susceptibility of these instruments to calibration errors and suggested that correction of 
the concentrations may be required [3]. This was not the case during this survey. The instruments reported 
background concentrations within a plausible range for both the CH4 and the CO2 detection systems. Day to day, site 
to site and over the span of the day, variations of the background concentrations would be expected. The surveys 
were not long enough to fully characterize and evaluate how the instruments respond to the said variation.  
 
The concentration measurements taken at a well site where three paths were monitored are shown in Figure 2. 
The system scanned between these three paths. The graph highlights the characteristic of this type of measurement, 
showing relative steadiness of measurements, indicating the absence of increased levels of fugitive emissions. The 
measured CO2 concentration showed variation between different paths. The average concentration measured at each 
path was 425, 401 and 413 for paths one, two and three respectively. This represents a maximum relative difference 
of 6%. This is thought to be due to differences in alignment and light levels.   
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Figure 2 Concentration measurements of CH4 and CO2 
The response of the measured concentration to a leak was assessed by doing controlled releases of the monitored 
gases. The behavior prior and during the controlled release, where a plume of elevated concentration crosses the 
laser path, was compared. Figure 3 illustrates the results during the controlled release. The path targeted during the 
controlled release was generally located downwind of the point source. The distance between the controlled release 
and the measurements path varied continuously due to changes in wind direction but was usually less than 20m. The 
path length was 90 m. This direct comparison of the performance of the CH4 and CO2 detection systems is useful in 
characterizing the relative detection capabilities. However, on an absolute basis, the detection capability is a 
function of numerous factors including wind conditions, geometrical setup and the profile of the source to name a 
few. It is therefore not possible to attribute an absolute value to the detection capability. 
 
The release rate of CO2 was 40 SLPM (39 tonnes/year) and the release rate of CH4 varied from 6 to 9 SLPM (2-3 
tonnes/year).  Illustrated in Figure 3 are the measured concentrations and the differences between the measured 
concentrations and the background levels before and during the controlled release.  The background level was 
defined as the average concentration measured along the same path prior to the controlled release.  
 
The CH4 detection system measured discrete concentrations significantly higher than the background, as high as 
10 ppm as shown in Figure 3a. The standard deviation of the measured concentration also increased significantly, 
from 0.1 to 0.9 ppm, during the controlled release, as detailed in Table 2.   This indicated the presence of a plume 
carried by varying wind direction and wind speed through the measurement path.  
 
The response of the CO2 detection system shown in Figure 3c was less pronounced than for CH4 (Figure 3a) even 
though the release rate was ten times higher on a mass basis. This was due to the large background concentration 
and instability of the measurement prior to the controlled release.  However, as shown in Figure 3d, by taking the 
difference between the measured and background concentrations, the detection of the controlled release was 
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conclusive. The signal was significantly more unstable during the controlled release. As well, the maximum discrete 
concentration increased from 425 to 444 ppm and the standard deviation increased from 4 to 7 ppm, as shown in 
Table 2. This would again be indicative of a plume being carried through the measurement path.  
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Figure 3 a) CH4 concentration before and during controlled release, b) Difference between measured and background CH4 concentration before 
and during controlled release, c) CO2 concentration before and during controlled release, d) Difference between measured and background CO2 
concentration before and during controlled release 
The response of the CO2 detection system would be improved by increased stability of the measurement. As 
reported earlier, the CO2 instrument used in this instance showed some sensitivity to alignment and resulting light 
values. Therefore, the path to path difference in alignment and the gradual changes in alignment observed had an 
impact on the stability of the measurement. This was not the case for the CH4 detection system. This was a feature 
of the prototype used in this instance; the manufacturer has since improved system design to address this issue. The 
system response would also be improved by stricter limitations surrounding system alignment than what was used in 
this instance. The elimination of this effect would lead to better stability and consequently better detection 
capabilities.   
Table 2 Summary of CH4 and CO2 concentrations measured prior and during controlled release 
 CH4 Concentration [ppm] CO2 Concentration [ppm] 
 
Path 
Average Standard 
Deviation
Maximum 
value 
Minimum 
value 
Average Standard 
Deviation
Maximum 
value 
Minimum 
value 
Prior to Controlled 
Release 
3 2.1 0.1 2.4 2.0 413 4 425 401 
During Controlled 
Release 
3 2.5 0.9 10.8 2.1 416 7 444 399 
 
Prior to Controlled Release 
Prior to Controlled Release 
Average CH4 Controlled 
Release 8 SLPM 
CO2 Controlled Release 
40 SLPM 
Average CH4 Controlled 
Release 8 SLPM 
CO2 Controlled Release 
40 SLPM 
Prior to Controlled Release 
Prior to Controlled Release 
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For comparison purposes, a point CO2 concentration sensor was also positioned downwind of the controlled 
release. This sensor was approximately 20 meters downwind of the controlled release but similarly to the open path 
measurement, varying wind direction meant varying alignment with respect to the controlled release. The response 
of the point sensor compared to the path averaged sensor is shown in Figure 4. The impact of the wind on the 
measurements is clearly shown; the concentration measured by the point sensor was very high under favorable wind 
conditions and falls back to background level when the wind causes the plume to bypass the sensor. As expected, 
point sensors are more sensitive to local increases in emissions because the measurement is not path averaged.  
However, the fact that this is a point measurement restricts spatial coverage.  
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Figure 4 Point and Path Averaged Concentration Sensor – Responses to Controlled Release 
4.2. Dispersion Modeling of Controlled Release 
A characteristic of this measurement method is that the concentration measured is dependent on a number of 
variables including emission rate, wind speed, direction, stability and relative position between emission source and 
measurement path to name a few. Therefore, to translate a concentration into a quantitative measure of the size of 
the source, these factors need to be considered. One approach for this is through dispersion modeling.  
 
The WindTrax software previously mentioned was applied to analyze an actual field controlled release. Analysis 
was based on the measured concentration along the path and the wind conditions measured using a sonic 
anemometer. The model was used to estimate an emission rate from the source. The results yielded by the model 
were compared to actual emission rates. This modeling approach has been successfully used to evaluate the 
emission rate of point and area sources [3]. In this instance, only a point controlled release of 4 SLPM (0.04 g/s) of 
CH4 was modeled.  
 
The WindTrax model assumes horizontal uniformity of the wind and turbulence fields. At the sites of concern 
here, trees and obstacles disturbed the wind. Consequently it was appropriate to apply WindTrax only to a fraction 
of the duration of the controlled gas release, eliminating conditions under which the model is not considered 
accurate [3]. Technical difficulties with the sonic anemometer, causing the data sampling rate to vary and to be 
slower than desired, added to the uncertainty of the analysis. Therefore, this study was limited in validating the use 
of this model. 
 
As an initial analysis, relatively good agreement, within 50%, was found between the model and actual emission 
rates, even under these low flow rate and non-ideal experimental and site conditions. This effort identified that this 
type of modeling is a promising approach to complementing remote sensing.  WindTrax is a dispersion model which 
CO2 Controlled Release 
40 SLPM 
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allows for point or area sources but which requires knowledge of the location of the source. There are a number of 
other different models and approaches.  
 
5. Conclusion and Recommendations 
Open path laser-based remote sensing was evaluated as a method for atmospheric monitoring of CO2 storage 
sites. The CH4 detection system was very sensitive. Small increases in the gas concentration due to controlled 
releases were easily distinguishable. The CO2 detection system was also successful in detecting controlled releases. 
Comparatively, performance of both systems was highly dependent on the relative background atmospheric 
concentrations. Lower background concentration of CH4 meant that lower emission rates were distinguishable 
compared to the CO2 detection system. In addition, the CO2 detection system used here had a limited path length of 
120 meters compared to 1000 meters for the CH4 detection system. A lower sensitivity CO2 detection system could 
accommodate longer path lengths.   
 
Based on the findings, it was concluded that in the instances where a significant amount of CH4 is present, this 
gas should be used as an indicator due to the better detection capabilities and smaller background variations 
compared to CO2. This is also inline with the suggestion that, since CO2 is more readily soluble and reactive with 
water, the extent of its migration is much lower than for CH4, making CH4 a better indicator [4]. If the system is 
used for detection of CO2, accurate baseline measurements to characterize the expected variation of the 
measurement due to natural and surrounding industrial sources is essential. Dispersion modeling analysis was found 
to be a promising approach to complement remote sensing. 
 
Site implementation of this type of monitoring requires considering key aspects. Location of the instrument 
should be carefully chosen in view of dominating wind behavior, especially since the CO2 detection system has a 
limited path length. Site characteristics such as surface features, surrounding forested areas and industrial operations 
were found to have an impact on the measurements. Long term or ideally permanent site implementation would be 
optimal, allowing monitoring of the site over a large range of environmental and operational conditions. 
Complementary wind behavior assessment is essential.   
 
To further evaluate this instrumentation in view of monitoring CO2 storage sites, it is recommended to evaluate 
long term unattended operation. Further demonstration and validation of dispersion modeling to translate qualitative 
concentration detection into quantitative flux measures would also be beneficial.   
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